The aim of this study was to determine if endothelial cells in the heart release substances into the coronary perfusion medium that modify the contractility of myocardial cells. To assay the effects on the contractility of cardiac muscle of fluid that has passed through the coronary vasculature, a new method has been developed based on the cascade principle used to study vascular smooth muscle function. The coronary venous effluent from an isolated perfused working heart was collected periodically, and after reoxygenation it was used as the bathing medium for trabeculae isolated from the endocardial surface of another heart. The coronary venous effluent changed the contraction of the isolated trabeculae. The amplitude and the direction of the change depended on the degree of oxygen saturation of the coronary effluent before it was reoxygenated and the rate of coronary flow at the time the effluent was collected. The response of the trabecula to the coronary effluent was substantially altered by damaging the endocardial endothelium with a 1-second exposure to 0.5% Triton X-100 in Krebs' solution. It was completely eliminated by damaging endothelial cells in both the perfused heart producing the effluent and the trabecula on which the effluent was assayed. Therefore, endothelial cells are required for the presence of cardioactive substances in the coronary effluent. The production of a labile endothelium-derived upregulating (positively inotropic) factor and a more stable endothelium-derived downregulating (negatively inotropic) factor has been demonstrated and appears to account for all of the changes in myocardial contractility produced by the coronary effluent. Neither of the endothelium-derived substances demonstrated in the isolated perfused heart is nitric oxide or endothelin. The concentration of the endothelium-derived upregulating factor is sensitive to oxygen tension, whereas the concentration of the endothelium-derived downregulating factor is sensitive to the rate of coronary flow but not oxygen tension. Philadelphia, PA 19104-6085. Received July 27, 1992; accepted January 20, 1993.
O ver the last decade, a large body of data has been generated to show that endothelial cells are important intermediaries in the processing of information and transmission of signals within an organism. The classical observations of Furchgott and Zawadski1 showed that the vasodilatation in blood vessels produced by acetylcholine as well as other transmitters and humoral agents required the presence of endothelial cells. The substances that actually produced the relaxation were secreted by endothelial cells.
At least six biologically active substances are secreted by endothelial cells, including molecules that modulate the contraction of smooth muscle. Among these are nitric oxide, a potent relaxing agent,2 and endothelin, a powerful vasoconstrictor.3 Under normal conditions, both constricting and relaxing agents are present in the coronary blood simultaneously, with the net effect depending on the balance between the two. 4 In addition to chemical transmitters, oxygen tension4 and shear forces56 also modulate the production by the vascular endothelium of agents that regulate smooth muscle contraction.
The contractility of cardiac muscle also responds to chemical transmitters, oxygen tension, and physical factors by modifying transmembrane calcium currents, intracellular calcium storage, and the contractile proteins themselves. The result is the establishment of new contractile states. It has not been possible to account for all of the differences in the contractility of isolated cardiac muscle by known mechanisms involving neurotransmitters, resting length, and electrolyte content of the bathing medium. An as yet unidentified factor or group of factors besides neurotransmitters that modify cardiac contractility appears to exist and may originate in the endothelial cells of the coronary blood vessels. 7, 8 In studies with isolated bundles of cardiac tissue, endothelial cells have been implicated in the process of cardiac adaptation.9-12 In these preparations, in which most of the endothelial cells are present in the endocardium, a decrease in the peak tension and in the time until the onset of relaxation can be produced by damaging the endocardium. These changes in contraction can be reversed by bathing the tissue in a medium conditioned by cultured cardiac endothelial cells. 1112 The identity of the substance producing the reversal has not yet been established. Although endothelin, a peptide produced by endothelial cells, has been shown to enhance cardiac contractility in vitro at low concentrations and receptors for endothelin have been found on the surface of myocardial cells, there is a difference of opinion about whether the peptide is involved in the reversal of the effect of endocardial damage.1""13
To investigate the possibility that endothelium-derived factors are important regulators of cardiac contractility, the effect of fluid collected from the coronary vasculature of an isolated heart has been assayed on a cardiac trabecula isolated from another heart. The results indicate that cardioactive substances are added to the coronary perfusate. These factors can raise or lower cardiac contractility, and the rate of their production is sensitive to tissue oxygen tension and coronary flow. The effects of these factors are influenced by the integrity of the endothelial cells in the isolated trabeculae and the perfused heart.
Materials and Methods The primary aim of the study was to assay the effect of reoxygenated fluid from the coronary venous outflow on the contractility of isolated ventricular trabeculae. To accomplish this goal, two preparations were used simultaneously: one was an isolated trabecula from the endocardial surface of the right ventricle of a rat heart, and the second was an isolated perfused working heart. Because of the difference in the stabilization time of the two preparations, the trabecula was removed from the heart of the first rat approximately 90 minutes before the isolated heart was prepared from a second rat.
Preparations
Male Wistar rats (Charles River Breeding Laboratories, Wilmington, Mass.) weighing between 200 and 350 g were killed by rapid decapitation. Thin trabeculae or papillary muscles were isolated from the endocardial surface of the right ventricle of hearts as previously described.7 Great care was taken during the dissection to avoid touching the surface of the tissue bundle with dissection instruments or allowing the tissue bundle to shorten excessively, because each of these can cause significant damage to endothelial cells in the preparation. The tissue bundle was suspended between a force transducer (Grass Instrument Co., Quincy, Mass.) and a mechanical ground at approximately 2.2-,um sarcomere length based on the highly reproducible sharp increase in slope of the passive length-tension curve that occurs at this point. The tissue was bathed in approximately 30 ml Krebs' solution containing (mM) NaCl 118, KCl 4.8, KH2P04 1.0, MgSO4 1.2, NaHCO3 25, CaCl2 2.5, and glucose 11.1, pH 7.4, in which 95% 02-5% CO2 was continuously bubbled. Resting tension equaled 5-10 mN/mm2 cross-sectional area. Since the tissue was less than 1 mg, the bathing volume was 3 x 104 times that of the tissue. Temperature was maintained at 30±0.1°C by using a constant temperature circulating bath and continuously flowing water through a jacket. The tissue was stimulated to contract with electric shocks delivered through platinum field electrodes at 0.2 Hz. The stimuli were 5 msec in duration with a voltage 20% above the level necessary to produce maximum force response. Tension was continuously monitored with a strip-chart recorder, and periodically, the contractile waveform was captured by a computer through an analog-to-digital converter. Each waveform shown in the figures is a computer-averaged value of five consecutive contractions. The trabecula was maintained in standard Krebs' solution for approximately 120 minutes until the waveform of the contraction stabilized. The details of the process of stabilization have already been reported. 8 At the end of the experiment, the trabecula was quickly frozen in isopentane cooled by liquid N2, with its length fixed as previously described.'4 Four-micronthick transverse sections were cut with a cryostat maintained at -20°C or lower, and the cross-sectional area was measured through a Zeiss photomicroscope using a x 6.3 objective and a x 1.25 optovar.
Isolated perfused working hearts were prepared by a small modification of the preparation of Neely et al15 using hearts taken from male rats weighing between 250 and 350 g. 16 The aorta, pulmonary artery, and left atrium were cannulated to control left atrial filling pressure and to measure cardiac output, coronary sinus flow, total coronary blood flow, and systolic and diastolic pressure. The rate of contraction was maintained at approximately 265 beats per minute. To avoid any possible effects of electrical stimulation of the isolated heart and to allow the detection of any tendency to arrhythmias, the hearts were not artificially paced. Any heart in which there was any arrhythmia or in which the spontaneous rate did not fall within the range of 250-280 beats per minute was rejected. The perfusate was Krebs' solution (same as used for isolated trabeculae) continuously equilibrated with 95% 02-5% CO2 and maintained at 37°C. In the initial studies, the total volume of the perfusion system was 400 ml, and at the average rate of coronary flow, the medium was recirculated approximately four times per hour. In later experiments and in all of the experiments in which the vascular endothelium of the perfused heart was disrupted, the total volume of the perfusion system was reduced to 100 ml. Arterial and venous oxygen tension were continuously monitored with oxygen electrodes in the left atria and pulmonary artery. The electrodes were calibrated for each experiment, and 02 tension was periodically checked by direct measurement of the dissolved gas. Cardiac power was calculated as mean pressure times cardiac output. At appropriate times after the contractile activity of the isolated trabecula had stabilized, the coronary sinus effluent was collected from the pulmonary artery for 1.5 minutes and was monitored continuously. The pH of the coronary venous effluent after reoxygenation was never more than 0.02 pH units below the original pH of the original perfusion medium measured at the same temperature.
Method for Damaging Endothelial Cells
In some experiments, the trabecula was exposed to a solution of 0.5% Triton X-100 in Krebs' solution for 1 second and then rinsed several times in normal Krebs' solution. The procedure has been shown to damage or remove the endocardial endothelium without altering the ultrastructural properties of the underlying myocardial cells in isolated mammalian cardiac papillary muscles9'10 and thin trabeculae.14 In measurements made on transverse sections of the trabecula, 80-95% of the total endothelial cell population (exclusive of capillary endothelium) in trabeculae of the thickness used in these studies was found in the endocardium.
To disrupt the endothelium of the isolated perfused working heart, the basic procedure described by Griffith et al17 was used. The working heart was initially converted to a Langendorff-type perfusion using a constant 12-13 ml/min flow of normal Krebs' solution. After a 5-minute stabilization period, the perfusion fluid was switched to high-K' Krebs 
Analytical Measurement
The concentration of endothelin was measured by radioimmunoassay using a commercial kit from Peninsula Laboratories, Inc., Belmont. Calif.
Statistics
Differences in the mean values were evaluated by unpaired and, where appropriate, paired Students' t test. For evaluating the relation between the percent O, in the coronary venous effluent before reoxygenation and the relative change in peak isometric force developed, linear regression analysis was used. For evaluation of the significance of change in the pattern of response as a function of the rate of coronary flow and of exposure to 0.5% Triton X-100 for 1 second, Fisher's exact test and Spearman's correlation were used. Significance was assumed at p<0.05.
Results

Preparations
Cascade ofperfused heart and isolated trabecula. The coronary venous effluent of an isolated perfused working heart was collected from the right ventricle and reoxygenated with the same gaseous mixture (95% O2-5% C02) that had been used to oxygenate the coronary perfusate before it entered the coronary arteries. The fluid was then used to bathe an isolated ventricular trabecula that had been removed from another heart. The contribution of endocardial endothelial cells in the trabecula to changes produced in the contraction of the trabecula by the coronary venous effluent was estimated by using a 1-second exposure to 0.5% Triton X-100 Krebs' solution9 to damage the endocardial endothelium between periods of exposure to the coronary venous effluent. The influence of the hemodynamic and metabolic state of the perfused heart on the effect of the coronary venous effluent could be evaluated inasmuch as preload and afterload on the heart, coronary flow, cardiac output, and oxygen tension were measured and/or controlled.
The isolated perfused working hearts achieved a stable level of function within 30-40 minutes after the establishment of coronary perfusion with oxygenated Krebs' solution. Preload was set at 10 cm H20 except for selected brief periods at 15 cm H20, and afterload was controlled by the height of the left ventricular outflow column, which remained constant throughout the experiments. Within 10-20 minutes, mean aortic pressure and systolic and diastolic pressure had reached a constant level, but other parameters of function required somewhat longer to stabilize. Coronary flow, cardiac work, and venous Po2 all increased from the first measurement until they became constant between 20 and 40 minutes after cannulation of the isolated heart ( Figure 1 13 .0+1.0 to 8.9±0.6 ml/min (p=0.01), and coronary blood flow declined from 9.2±0.9 to 7.2±1.0 ml/min (p=0.01). The relative degree of oxygen saturation in coronary venous blood dropped from 29±3 to 24±4 (p=0.04).
The decrease in mean aortic pressure developed by the perfused heart after damage to the vascular endothelial cells was very similar in amplitude to the decrease in peak contractile force developed by isolated trabeculae after damage to their endocardial endothelial cells by a 1-second exposure to Triton X-100. 9 The very good correlation between the declines in aortic flow and mean pressure (r=0.94) was not unexpected, since there was no change in the resistance to flow from the left ventricle. The decline in coronary flow was proportionally less than the decline in aortic flow because of an apparent decrease in the resistance to coronary flow that was due to a change in the vascular smooth muscle from the high-K' Krebs' solution (see below). Although the heart was operating as a Langendorff preparation with a constant flow, the brief exposure to the high-K' Krebs' solution caused a 49±11% (p<0.01) increase in the pressure necessary to maintain the same rate of flow (from 77±7 to 115 ±7 mm Hg). After the exposure to the high-K' Krebs' solution, there was no change in coronary resistance when methacholine was added to the perfusate either as a bolus of 0.4-0.8 ml of 1.0-100 ,M solution or 10 ,g/ml in perfusion medium for 30 seconds, amounts equal to 0.1-20 times the amount of drug that produced a decrease in coronary resistance in the heart before the vascular endothelium was damaged. There was a loss of response to cholinergic drugs. The decrease in coronary flow and the increase in coronary resistance were less than the values reported when the basal secretion of nitric oxide was inhibited by NG-monomethyl-L-arginine.18 This is probably due to the fact that all endothelial function has been affected, not merely the secretion of nitric oxide. This smaller decline in coronary flow prevents the large decline in cardiac output seen with specific inhibition of secretion of nitric oxide. '8 The ultrastructure of the cells in the heart perfused with high-K' solution was examined with standard transmission electron microscopy of thin sections of hearts that had been histologically fixed after exposure to high-K' solution and subsequent washout by standard Krebs' solution ( Figures 3 and 4) . The myocardial cells had normal-appearing sarcolemma, myofibrils, mitochondria, and internal membrane systems except for some dilatation of the transverse tubular system, a not uncommon finding in perfused hearts. Within the arterial vasculature, there were very few endothelial cells. Those present had complete or near complete absence of the surface membrane on their lumen side and membrane damage of a lesser degree on the nonlumen side. In the three hearts in which ultrastructure was carefully examined, no normal endothelial cells were seen within the arterial vasculature. The capillaries and the venules had a normal appearance. The endothelial cells in the endocardium of the left ventricle, which would not have been subjected to high pressure during the period of Langendorff-type perfusion, also had a normal appearance. The smooth muscle cells in the arteries and arterioles had clearly been damaged by the perfusion with high-K' solution. Most of the smooth muscle cells had lost part or all of their surface membranes. The density of the contractile filaments was greater than normal, and they appeared to be less organized than normal. The mitochondria were very dense, and the normal structure of the cristae was often obscured. There were numerous intracellular vesicles containing electron-dense material.
The damage to the vascular endothelial cells and the vascular smooth muscle cells was almost certainly the cause of the changes in hemodynamic performance and the smaller relative decline in coronary compared with aortic flow. Damage to the vascular smooth muscle as well as the vascular endothelial cells probably prevented the marked vasoconstriction that follows selective vascular endothelial cell damage and the consequent loss of nitric oxide production.18-20 When damage to only the vascular endothelial cells was produced by perfusion of the heart with the detergent CHAPS added to the Krebs' solution (20 Figure 5 , and the change in peak tension for each of the hearts is shown in Figure 6 . Four different patterns of change in the contraction of the trabeculae in response to superfusion with coronary venous effluent were observed. In some experiments, force increased; in others, force decreased. In eight of the 20 experiments, the contractility returned to control levels each time coronary venous effluent was replaced by standard Krebs' solution ( Figure 5 ). In the other 12 experiments, there was a decrease in contractility to a level below the control value measured immediately before the exposure to the coronary effluent. This decrease occurred even in some cases in which the contractility had been elevated throughout the entire period of exposure to the coronary effluent. When a decrease below the control value in Krebs' solution was observed, it did not always occur after the first exposure to coronary venous effluent. In seven of the 12 experiments in which developed force was lower after an exposure to coronary venous effluent than before, the decline was not observed after the first period in coronary effluent but only after subsequent exposures of the trabecula to coronary venous effluent.
Regardless of whether the developed force was reduced after the period in the effluent, a second exposure to effluent collected under the same conditions for the perfused heart produced a change in developed force in the same direction as the original exposure. In 11 experiments in which exposures of the same trabecula to effluent from the same isolated heart were compared, the differences between the two responses within each experiment were not significant (p>0.7 sions, two isolated trabeculae of similar thickness taken from the same heart were set up simultaneously so that the effects of the same coronary venous effluent on two different trabeculae could be determined at the same time. In each case, there was no significant difference in the response of the two trabeculae to the effluent.
The concentration of endothelin in aliquots of three collections of coronary effluent was less than 10 12 M, which is the lower limit of detection of the radioimmunoassay. This value is similar to that already reported for perfused isolated hearts.21
Effect of oxygen tension. Coronary venous oxygen saturation varied from 15% to 70% as a result of the difference in the efficiency of the perfused hearts. The change in the contraction of the trabecula produced by the venous effluent was related to the percent saturation of the venous effluent before it was reoxygenated with 95% 02-5% CO2 ( Figure 6 ). With the higher levels of 02 in the effluent, the force developed by the trabecula was increased, and with the lower levels, developed force decreased. The coefficient of determination of the relation between the degree of 02 saturation of the venous effluent and the change in peak force developed during a contraction by the trabeculae was 0.49, indicating that approximately half of the variability in the change of peak force was related to the degree of oxygen saturation.
When the exposure to the venous effluent was repeated after the endocardial endothelium of the trabecula had been damaged by a 1-second exposure to 0.5% Triton X-100 in standard Krebs' solution, the relation between oxygen saturation and change in force changed ( Figure 6 , bottom panel). Modification of the contraction of the trabecula still occurred. However, there was a loss of the positive effect of coronary venous effluent collected at high oxygen tensions.
The pattern of recovery from exposure to the coronary venous effluent was also related to the oxygen tension of the effluent before it was reoxygenated ( Figure 7 ). When the effects of the effluent were completely reversible with restoration of the control solution, the percent saturation was relatively high. In trabecula bathed with effluent with intermediate levels of oxygen saturation, the effect of first exposure on contractility was completely reversible, but subsequent exposures produced a residual decline in developed force. There was a residual decrease in developed force even after the first exposure when the degree of oxygen saturation was low.
Effect of coronary flow. When the coronary venous effluent was assayed on trabeculae in which the endocardial endothelium had been damaged or destroyed by Triton X-100, there was a significant correlation between the amplitude of the change in the contraction of the trabecula produced by coronary venous effluent and the rate of coronary flow ( Figure 8 ). As coronary flow increased, the range of amplitudes of the change in contraction of the trabecula progressively decreased, and at coronary flow above 28 ml/min, no change in the contractility of the trabecula was observed regardless of the oxygen saturation of the venous effluent. Both Fisher's exact test and Spearman's correlation were b I ,'W used to determine if the decrease in the range of amplitudes of the change in peak force as coronary flow increased was significant. Both tests indicated a level of significance at p<0.02. When trabeculae with intact endocardial endothelial cells were used to assay the coronary venous effluent, there was no significant effect of the rate of coronary flow on the amplitude of the change in the peak force developed by the trabeculae during a contraction. This last observation argues against simple dilution as the basis for the effect of the rate of coronary flow.
Influence of thickness of the trabeculae. A change in the contraction of the trabecula from superfusion with reoxygenated coronary venous effluent occurred in trabeculae that were less than 0.2 mm2 in cross section.
Thicker tissues showed little or no change ( Figure 9 ). The amplitude of the response increased progressively as the thickness of the trabeculae decreased. The correlation between the oxygen tension of the venous effluent and the change in contractility was greater when the data were restricted to only thin trabeculae (Figure 10 ), indicating that a significant factor in the variability of the response of the trabeculae to the coronary effluent was the thickness of the trabeculae or something related to the thickness. Treatment of these trabeculae with 0.5% Triton X-100 in standard Krebs' solution for 1 second to damage the endocardial endothelium appeared to lower the thickness of the trabeculae to the point at which an effect on contraction was no longer observed, from approximately 0.2 mm2 to approximately 0.08 mm' (Figure 9) . Because of the limited number of experiments, the significance of the difference was borderline (p-0.09).
Role of Endothelial Cells
As Brutsaert et a19 have shown, exposure of an isolated papillary muscle to 0.1% Triton X-100 in Krebs' solution for 1 second damaged the endocardial endothelium, lowered the peak developed force, and produced an earlier onset of relaxation ( Figure 11) . If, however, the detergent was applied to trabeculae with residual reduced contractile force from an earlier 15- pairs consistently had the same response to the same coronary effluent. In pairs of trabeculae, the ratio of change in peak tension of the two tissues exposed to the same coronary effluent was 1.01-+0.04 (p=0.99).
After the demonstration of near identical responses ot the two trabeculae, two different types of experiments were conducted. In the first, endocardial endothelial cells in one trabecula were damaged, and then both trabeculae were exposed to aliquots of the same coronary effluent from a perfused heart in which the vascular endothelial cells had been damaged (protocols B and C of Figure 12 ). There was an increase of 30O±-76c in the peak force of the trabeculae with intact endothelial cells but only a 5±43% increase in the trabeculae with damaged endothelial cells (n = 7) ( Figure 13 , Table  1 ). In four of the seven experiments, the coronary effluent from hearts with damaged endothelium had no effect on trabeculae with damaged endothelium. The difference in the response between the control and Triton X-100-treated trabeculae was significant at p=0.008. The response of the Triton X-100-treated trabeculae to the coronary effluent was not significantly different from zero (p>0.05). All or almost all of the effect of the coronary venous effluent on the contractility of a trabecula was lost when endothelial cells had been damaged in both the perfused heart and the trabecula. The small response that may have remained in a minority of Triton X-100-treated trabeculae could have been due to the small residual amount of endothelial cells remaining in the blood vessels in the tissue that were not accessible to the detergent during its brief exposure to the tissue.
In the second type of experiment, two different samples of coronary effluent collected from the same Plots showing the relation between the amplitude of the change in peak force developed by trabeculae during exposure to coronary effluent and the coronary flow at the time the effluent was collected. In the top panel, the coronary effluent was assayed on trabeculae that had not been treated with 0.5% Triton X-100, and in the bottom panel, the trabeculae had been treated with Triton X-100 for 1 second. As the coronary flow increases, the amplitude of the change in force declines with Triton X-100-treated trabeculae but not with untreated trabeculae. The difference is significant (p<0.02) according to Fisher's exact test and Spearman's correlation.
perfused heart (one before and one after damaging the vascular endothelium) were assayed on the same Triton X-100-treated trabecula (protocols B and D of Figure  12 , Table 1 ). The coronary effluent collected before damage to the vascular endothelium of the perfused heart produced a significant change in contraction (-11+3%,p=0.01), whereas the coronary effluent collected after the damage to the vascular endothelium did not produce a significant change. Therefore, whether tested by using the same effluent on two different trabeculae or different effluent on the same trabecula, the conclusion was the same: no cardioactive effect was present in effluent when vascular endothelial cells in the perfused heart and endocardial endothelial cells in the trabecula had both been damaged.
Endothelial cells release a relatively stable downregulating (negatively inotropic) factor. The coronary effluent from perfused hearts with intact vascular endothelial cells was assayed on trabeculae in which endocardial endothelial cells had been damaged with Triton X-100 (protocol D in Figure 12 ). The time lag between the collection of the effluent and its application to the test Plots showing the absolute value for the percent change in the force developed by trabeculae and the crosssectional area in the same trabeculae before (top panel) and after (bottom panel) the endocardial endothelium had been damaged by a 1-second exposure to 0.5% Triton X-100. The change in the pattern of response produced by the exposure to Triton X-100 was significant at p=0.09.
trabeculae was between 4 and 5 minutes. In all nine experiments, the effluent caused a decline in peak tension. The mean decrease was 11+3% (p=O.O1). In two of the nine experiments, the peak tension had increased by 13% and 27% after 1 minute but then began to fall, so that a net decrease in peak contractile force was present by 2 and 3 minutes, respectively. Force reached an approximately steady value by 5 minutes. The time constants for the decline in force after the coronary effluent was applied and for the recovery after the coronary effluent was replaced by Figure 6 with Figure 14) . This is the opposite of the effect of damaging the endocardial endothelium in the trabecula, which results in a loss of the upregulation ( Figure 6 , bottom panel). (Figure 15 ).
In the top panel of Figure 15 , the effect of damaging the vascular endothelial cells in the perfused heart on the change in the force of contraction of trabeculae produced by coronary effluent has been plotted (protocols A and C in Figure 12 ). The results show that damaging the vascular endothelial cells has little if any effect on the change in contractility of trabeculae when the original effect of the effluent was to decrease peak force. The effect of damaging the vascular endothelial cells is quite different when the effluent enhanced the contractility of trabeculae: the size of the increase in force becomes greater. These data indicate that coronary effluent contains a preendothelial upregulating factor and a preendothelial downregulating factor. There is no evidence for an endothelial upregulating factor and no need to postulate a downregulating endothelial factor. In addition, there must be some antagonistic or inhibitory effect produced by the endothelial cells in the perfused heart against an upregulating factor formed by the endothelial cells in the trabeculae.
When the endocardial endothelial cells in the trabec- Figure 12 ), all positive effects disappear, and there is a small increase in the negative effect of the effluent ( Figure 15, bottom panel) . These data show that the endocardial endothelial cells in the trabecula are the source of the endothelial upregulating factor and that the coronary effluent contains no endothelial upregulating factor. All of the downregulating effect can be accounted for by the endothelial downregulating factor, although a preendothelial downregulating factor may also be present. In these studies, the downregulating effect of the coronary effluent is not significantly altered by selectively eliminating the effects of either the preendothelial or endothelial downregulating factor individually. The level of activity of the two downregulating factors is the same, suggesting that they are in equilibrium. This would be expected if the factors were relatively stable, since the coronary perfusion medium had been recirculated for a period of time before the collection of the coronary effluent. The absence of any endothelial upregulating factor in the presence of a preendothelial upregulating factor in the coronary effluent supports the notion that the endothelium-derived upregulating factor is relatively labile. Although probably originally present in the coronary fluid, the factor has rapidly decayed. The fact that the collective effect of the more stable preendothelial factors is upregulation is com- pletely consistent with the decrease in mean developed pressure and cardiac output by perfused hearts after damage to the vascular endothelium.
Discussion
The existence of cardioregulatory factors in the coronary effluent from isolated perfused working hearts has already been shown in a study suggesting that their effect required the presence of normally functioning endothelial cells.14 This work also suggested that both upregulating (positively inotropic) and downregulating (negatively inotropic) effects were produced. These inferences have been tested in studies in which there has been selective damage to vascular endothelial cells in perfused hearts and endocardial endothelial cells in isolated ventricular trabeculae. Changes in contractility as a result of endothelial factors have been called upregulation and downregulation in preference to changes in inotropy because of the pathological connotation usually attached to the term negative inotropy.
To investigate the possibility that coronary endothelial cells produce substances that modify the contractility of the myocardial cells, the effect of the coronary venous effluent from an isolated perfused working heart has been assayed on the development of force of an isolated cardiac trabecula. When a bathing medium identical to the fluid entering the coronary artery system of the perfused heart was replaced by reoxygenated coronary venous effluent, the contraction of the trabecula changed in most cases. The alterations in the contractility were not uniform. In some experiments, developed force increased; in others, it decreased. After damage to endothelial cells in both the perfused heart producing the coronary effluent and the trabecula on which the coronary effluent was assayed, no change in the contraction of the trabecula was produced by the coronary effluent. The direction and the amplitude of the change seemed to depend on the state of endothelial cells in the perfused heart and the trabecula as well as tissue oxygen tension and rate of coronary flow in the perfused heart.
Procedure for Damaging Endothelial Cells in the Perfused Heart
Four different methods have been described in the literature for damaging the vascular endothelium in an organ or a tissue. These are perfusion with a low concentration of a detergent,19 a hypotonic solution,20 a selection of enzymes,22 or a standard electrolyte medium that has been modified to contain 40 mM K'.17 In all of the published applications of these methods, the aim of the research was to compare the behavior of the blood vessels with and without normal endothelium. The function of the organ itself was not a major consideration.
In the study reported here, the goal was to study changes of function of the heart in the presence and absence of normally functioning endothelial cells. When either enzymes, detergent, or hypotonic solution is used to damage vascular endothelium, two undesirable consequences occur. The capillaries are disrupted, allowing the specialized perfusion medium to pass into the extracellular space in an uncontrolled fashion, and the damage to the endothelium inhibits the normally high fused vessels." The result of the latter in the heart is a marked increase in coronary resistance and sharply decreased coronary flow.18 As a result of the markedly reduced coronary venous oxygen tension, the hemodynamic performance deteriorates rapidly, resulting in much lower cardiac output (data not shown).
With the technique of perfusion with a medium containing an elevated concentration of potassium ions, it is possible to exercise greater control over the effects of the damage. The part of the vascular system within which endothelial damage occurs can be limited to prevent disruption of the capillaries, and the large decline in mean pressure and output produced by the heart can be prevented. For these reasons, perfusion with a high-K' Krebs' solution was used to damage the endothelium. The damage to the endothelial cells in the blood vessels is almost certainly due to the increase in the perfusion pressure required to maintain flow during the period in which the heart operates as a Langendorff preparation with constant flow. The high concentration of K' causes strong contraction of the smooth muscle in the arteries and a sharp decline in pressure in the capillaries and veins. As a result, the endothelial cells in the arteries and arterioles are stripped from the walls of the blood vessels, and the endothelial cells in the capillaries and veins remain intact. During the process of stripping off the endothelial cells, the surface membranes of the smooth muscles are damaged, producing calcium loading, intense The importance of the endothelial cells in the production of cardioregulatory factors in the coronary effluent is shown conclusively by the studies in which the vascular endothelial cells in the perfused heart and endocardial endothelial cells in the test trabecula had been damaged. Under these conditions, there was at most a very small effect of coronary effluent on the contraction of the trabecula. A small effect could have been due to residual endothelial cells in the blood vessels or to a small effect of factors released by myocytes acting directly on other myocytes. The data do not allow a distinction between these two possibilities, but they do affirm that endothelial cells are required at least for almost all of the effect on contractility that can be transmitted through a medium perfusing the vascular system.
Two downregulating factor with an effect that has a substantially longer time constant for decay. The upregulating factor becomes very prominent when the endothelial cells in the perfused heart have been damaged but the endothelial cells in the trabecula are undamaged. Under these conditions, the diffusion distance and time for material released by the endothelial cells to reach the cardiac myocytes are very short. An upregulating effect is present at Po2 levels lower than those required when no endothelial cells have been damaged. This can be explained if the downregulating effect produced by endothelial cells in the perfused heart partially obscures the more labile upregulating effects. Such an interpretation would explain why damaging the endothelial cells in the trabeculae virtually eliminates any upregulating effect.
The endothelium-derived downregulating factor is more stable, and its effect can be seen even after a delay of a few minutes before its application to the trabecula. Its effect has a slower onset and a slower decay than the upregulating factor. The differences in the kinetics and stability of the two factors can explain several observations reported in "Results," but more direct experiments are necessary to support the interpretation. The difference in decay rates could be why the residual effect after removal of the coronary effluent is a decrease in contractile force and why a net downregulating effect is sometimes preceded by a rapidly appearing but transient increase in contractile force. The influence of oxygen tension on the relative concentrations of the upregulating and downregulating factors could explain the decreasing likelihood of a residual downregulating effect as the Po2 increases.
The different patterns of recovery from the exposure to coronary effluent could be due to the different kinetics of the upregulating and downregulating endothelial factors and the differences in relative amounts according to tissue oxygen tension. In many ways, this type of regulation of contractility, determined by the balance of two opposing effects with different kinetics, resembles what has already been described for the response of vascular smooth muscle to endotheliumderived factors. Endothelial cells produce both upregulating and downregulating substances that can be present at the same time, the net effect on smooth muscle contraction being determined by the balance between the opposing actions. 24 It is possible to explain all of the observations of the effects of coronary venous effluent on myocardial contractility as the sum of the individual effects of the endothelium-derived upregulating and downregulating factors. The general shape of the top panel of Figure 6 is very similar to the sum of the bottom panel of Figure  6 and Figure 14 . The upregulating factor appears to be closely related to the oxygen tension, whereas the downregulating factor appears to be relatively insensitive to oxygen tension but relatively sensitive to coronary flow. The combined effect of the two factors produces a regulatory mechanism that responds to changes in oxygen tension and coronary flow, the two key parameters most concerned with energy supply and energy utilization.
It is not possible at this time to identify the two endothelial factors. The stability of the downregulating factor, as shown by the existence of the effect after 3 pears very quickly when it has been removed and a minutes, a period of time equal to approximately 20 half times for decay of the nitric oxide, indicates that it cannot be that substance. The absence or very low concentration of endothelin in the coronary effluent argues against it as a significant factor in these studies, although endothelin, normally considered to be relatively stable, may be degraded in this preparation. However, it is important to note that the lack of a role for either nitric oxide or endothelin in the isolated perfused heart does not mean that these substances are unimportant in the regulation of contractility of the heart in the intact organism.
Mechanisms of Regulation of Contractility
One important mechanism by which endothelial cells modify contractility is through modulation of a cAMPdependent mechanism that regulates the ATPase of actomyosin by raising or lowering enzymatic activity. 25, 26 Integrity of endothelial cells is required for the function of the cAMP-dependent regulatory mechanism,27 and when the endothelial cells are damaged, this type of regulation disappears.
It is likely that contractile force as well as ATPase activity of actomyosin is regulated by this cAMP-dependent mechanism. In earlier studies, it was shown that maximum calcium-activated force could be increased in permeabilized rat heart by a sequence of two successive reactions, the first initiated by cAMP and the second by Triton X-100 or another nonionic detergent.28 In light of the findings reported here, it is not unreasonable to conclude that the second reaction involved the release of factors from the endothelial cells by the Triton X-100. The ability of Kentish and Jewell29 to see only a small effect in their efforts to reproduce the results is probably a consequence of their failure to ensure the integrity of the endothelial cells in their preparations.
Other changes in the function of the cardiac myocytes in response to endothelial factors must also be considered. Changes in the calcium sensitivity of the contractile system and in the calcium currents through the sarcolemma and/or sarcoplasmic reticulum have been suggested.913
Role of Coronary Flow
As coronary flow in the perfused heart increased, the amplitude of the change produced by coronary venous effluent in the contractility of the trabeculae with damaged endocardial endothelial cells decreased. At the highest coronary flow rates observed, the venous effluent had no effect on the contraction of these trabeculae. A similar correlation did not exist, however, when the assay was performed on trabeculae with intact endocardial endothelium. In other words, when the assay was sensitive only to factors apparently acting directly on the myocardial cells, the response of the trabecula was sensitive to the rate of coronary flow in the isolated heart from which the coronary effluent had been collected. When factors that acted on the endocardial endothelial cells as well as those acting directly on the myocytes were assayed, the sensitivity to the rate of coronary flow was obscured. A simple explanation for this difference is that factors acting directly on the myocytes are released by vascular endothelial cells whose function is altered by the shear force produced by coronary flow. Factors acting on endothelial cells arise trom other cells in the myocardium, presumably myocytes, whose function is not directly influenced by the physical forces associated with flow through the coronary vessels.
Rates of coronary flow in isolated perfused hearts in general are high. The lowest rates in the isolated hearts studied here were about equal to the highest rates in the in situ heart found during intense exercise, whereas the highest rates in the isolated heart were beyond the physiological range. A peak production of cardioactive factors by vascular endothelial cells may occur at coronary flow corresponding to the maximum values found in the organism. To demonstrate the accuracy of this speculation, it will be necessary to work with isolated perfused hearts having a lower rate of coronary flow. Indirect support for this notion can be found in previous work, in which quantitative histochemistry was used to detect spatial heterogeneity in actomyosin ATPase activity in cardiac muscle. There was evidence that, over a period of up to 2 hours after the termination of perfusion of coronary blood vessels, the production of an upregulating substance by cells in the blood vessels gradually ceased. 8 The most likely basis for the effect of coronary flow is the shear force on the endothelial cells lining the blood vessels rather than dilution of material with increasing coronary flow. The insensitivity to the rate of coronary flow when the coronary effluent is assayed on trabeculae with intact endothelial cells argues against simple dilution. The rate of secretion of vasoactive material and the activity of certain ion channels in endothelial cells have already been shown to be sensitive to shear force. 5, 6, 30 However, these data do not specifically demonstrate shear force as the important element. Other effects of variable coronary flow could be responsible for the modulation of the amplitude of the change in contractility. It is unlikely that coronary flow exerts its effect through oxygen tension in the tissue, because oxygen tension appears to be maintained by the variable coronary flow. The major determinant of venous oxygen tension under the conditions of controlled preload and afterload seems to be cardiac efficiency, a property of the cardiac cells that is set in most preparations either during the dissection or the initial perfusion of the isolated heart.
Endocardial Versus Vascular Endothelium
Since the regions of the perfused heart where endothelial cells were damaged by the high-K' Krebs' solution were restricted to those subjected to a high perfusion pressure and since the ultrastructure of the endocardial endothelium appeared to be normal, it is likely that the actual cause of the damage is the perfusion pressure itself. The elevated K' serves to increase the pressure and the velocity of the perfusion fluid by producing contraction of the vascular smooth muscle and the cardiac myocytes. There is no sign of damage to the endocardial endothelium of the perfused heart and no effect on the contraction of the trabecula from incubation in the high-K' Krebs' solution, where pressure is not abnormally high.
In the absence of intact endocardial endothelial cells in the trabecula, no upregulating effect was seen from coronary effluent. Only a downregulating effect is seen, and that requires intact vascular endothelial cells in the perfused heart. When the arterial endothelial cells in the perfused heart have also been damaged, the downregulating effect of the coronary effluent disappears as well, even though endothelial cells in the capillaries, veins, and endocardium are undamaged. These results indicate that the endothelial cells in the capillaries, veins, and endocardium are not producing downregulating factor in the isolated perfused heart, but it does not mean that they are totally nonproductive of cardioregulatory factors. In the isolated perfused heart they could be secreting the labile upregulating factor, which decays too quickly for detection under the conditions of the experiment. From other studies,8 it appears that capillaries and venules do not produce cardioregulatory factors, but in the isolated trabeculae it is clear that the endocardial endothelium does produce cardioregulatory factors. When the vascular endothelium of the perfused heart has been damaged, an effect of the coronary effluent on contractility of the trabeculae is still observed, although it is different. This effect can be eliminated by damage to the trabecular endocardial endothelium as well. The endocardial endothelial cells are not functioning merely as a diffusion barrier, inasmuch as damage to the endocardial endothelium on the surface of the trabecula decreases the extent to which the effect of the effluent penetrates into the trabeculae.
Physiological Function
On the basis of the data presented, it appears likely that endothelial cells play a significant role in modulating the contractility of the heart in situ. Local oxygen tension and the rate of coronary flow appear to cle, the relaxing factor is very labile, and the major contracting factor isolated so far (endothelin) is relatively stable. In blood vessels, the reserve is in the ability to dilate and lower the resistance to blood flow. In the heart, where the reserve is in the ability to increase contractility, upregulation is the more labile.
